Mitogen-activated protein kinase (MAPK)
1 is one of the key molecules of signal transduction responding to various external stimuli in animals and yeasts, and recently evidence has accumulated also of MAPK-mediated stress responses in plants (1) . In tobacco plants, salicylic acid-induced protein kinase (SIPK) and wound-induced protein kinase (WIPK) compose signaling cascades to exert defense responses such as expression of the pathogenesis-related (PR) gene and hypersensitive cell death (2-4) and disease resistance (5) . These MAPKs are activated transiently by various pathogens, pathogen-derived elicitors, or wounding, indicating that they are convergent points of the stress-induced signaling pathways.
The activity of MAPKs is known to be strictly regulated via phosphorylation of the conserved TXY motif. A given MAPK is phosphorylated and activated by a corresponding MAPK kinase to transduce signal to downstream. Once transiently activated, MAPKs cannot be reactivated within at least 30 min of the refractory term (6, 7) , implying the presence of a possible system to inactivate MAPK. Alfalfa MP2C and Arabidopsis DsPTP1 have been shown to be responsible for the dephosphorylation of activated MAPKs (8 -10) . Recently, an Arabidopsis MAPK phosphatase, MKP1, was reported to be critical for inactivation of the SIPK ortholog MPK6 in a UV-irradiated plant (11) . However, the mechanism of MAPK dephosphorylation, including the involvement of Ca 2ϩ /calmodulin (CaM), has not been revealed.
Another signal mediator, Ca 2ϩ , instantly accumulates in plant cells in response to various extracellular stimuli such as pathogen-derived elicitors or touching (12, 13) . A number of pharmacological studies have suggested that this transient rise in the cytosolic concentration of Ca 2ϩ as well as protein phosphorylation contributes to the early phase of the defense response (14 -17) . In tobacco cells treated with an elicitor, an increase in Ca 2ϩ was reported to be indispensable for subsequent activation of MAPKs (18) .
CaM, a ubiquitous Ca 2ϩ sensor, modulates the activity of a number of metabolic enzymes (19) . In plants, three plant-specific types of CaMs have been isolated and shown to have different profiles in activating known CaM-targeted enzymes (20) (see "CaM-dependent Enzyme Assays" for NtCaM1, NtCaM3, and NtCaM13). Healthy tobacco leaves mostly contain NtCaM3 and respond to wounding and tobacco mosaic virus (TMV)-triggered hypersensitive reaction (HR) by accumulating NtCaM1 type and NtCaM13 type CaMs, respectively (21) . Overexpression of SCaM-4 or NtCaM13 in plant cells, both of which belong to the same type of CaM accumulating after pathogen infection, often resulted in the constitutive expression of defense-related genes (22) , 2 suggesting that each CaM regulates the defense signaling after pathogen infection differently. * This work was supported in part by grants from a Center of Excellence project and a grant-in-aid for scientific research on molecular mechanisms of plant-pathogenic microbe interaction from the Ministry of Education, Science and Culture of Japan and by a grant from the Japan Society for the Promotion of Science Research Fellowship for Young Scientists (to S. K.). The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
The nucleotide sequence (s) In order to study the physiological roles of each CaM, the isolation and characterization of plant-derived CaM-binding targets are critical. Sequencing of the entire Arabidopsis genome has revealed at least 27 groups of possible CaM-binding proteins (CaMBPs) and more than 100 hypothetical CaMBPs (23) . Here we report the isolation of a MAPK phosphatase homolog as a new type of CaMBP and propose a possible interconnection between the MAPK cascade and Ca 2ϩ /CaM signaling.
EXPERIMENTAL PROCEDURES

Plant Materials and Treatment for Synchronous HR Induction and
Wounding-Tobacco plants containing the N resistance gene (Nicotiana tabacum L. cv. Samsun NN) were grown as described previously (21) . Well expanded upper leaves were detached and inoculated with or without (mock) 25 g/ml purified TMV suspension by rubbing the surface with carborundum. Inoculated leaves were incubated for 40 h at 30°C, allowing the virus to multiply but not lesions to form, and then transferred to 20°C inducing synchronous lesion formation ϳ8 h after the temperature shift. For wound treatment, tobacco leaves were cut into ϳ3-cm squares with a razor blade and incubated at 22°C. All samples were incubated under continuous illumination at an intensity of 120 mol of photons meter Ϫ2 s Ϫ1 . After an appropriate period of incubation, the leaves were frozen in liquid nitrogen and stored at Ϫ80°C until use.
Total soluble protein extracted from tobacco leaves with 3 volumes of 50 mM Tris-HCl (pH 7.5), 0.25 M sucrose, 13 mM dithiothreitol, 5 mM EDTA, and one tablet of proteinase inhibitor mixture (Roche Applied Science) per 33 ml was centrifuged at 290,000 ϫ g for 1 h at 4°C, and the supernatant was used for CaM-binding assays as described below.
Production of CaM Proteins-Recombinant CaM proteins, NtCaM1, NtCaM3, and NtCaM13, were produced by Escherichia coli harboring pET-NtCaM1, pET-NtCaM3, and pET-NtCaM13, respectively, and purified by Ca 2ϩ -dependent hydrophobic chromatography, as described previously (21) . Bovine brain CaM was obtained from Wako and used as a control for the enzyme assays. The protein concentration was determined using a protein assay kit (Bio-Rad) with bovine serum albumin as the standard.
CaM-dependent Enzyme Assays-Pea NAD ϩ kinase was partially purified from pea seedlings (Pisum sativam L. cv. Akabana-tsurunashiendo) by the method of Muto and Miyachi (24) . The NAD ϩ kinase assay was conducted as described previously (25) . Nitric-oxide synthase activity was evaluated with the citrulline assay as described by Kumar et al. (26) using a recombinant rat neuronal nitric-oxide synthase (Calbiochem). The activity of a CaM-dependent protein phosphatase, calcineurin (CaN), was determined using a bovine brain CaN (Upstate Biotechnology, Inc., Lake Placid, NY), as reported previously (27) .
The V max (the maximal activity compared with that of bovine CaM) and the K act (the concentration of CaM required for half-maximal activity) for NtCaM1, NtCaM3, and NtCaM13 were 207, 235, and 9% and 16, 9, and 26 nM for pea NAD ϩ kinase; 98, 67, and 119% and 56, 89, and 67 nM for rat nitric-oxide synthase; and 81, 130, and 74% and 4.6, 4.0, and 7.5 nM for bovine CaN, respectively. Briefly, NtCaM3 was the potent activator of NAD ϩ kinase and CaN but not of nitric-oxide synthase, whereas NtCaM13 was highest in the extent of activation for nitric-oxide synthase but lowest for NAD ϩ kinase and CaN. NtCaM1 showed the intermediate characteristics. The activation of all enzymes above is Ca 2ϩ -dependent, since no activation was detected in the absence of Ca 2ϩ .
Labeling of CaM Proteins and CaM-binding Assay-Purified
CaM proteins were labeled with alkaline phosphatase (AP) (Nacalai Tesque) by the method of Liao and Zielinski (28) . Protein extract from plant or E. coli was fractionated on a SDS-PAGE gel and blotted onto a polyvinylidene difluoride membrane. For detection of CaMBPs, the membrane was blocked with a 2% casein solution containing 50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1 mM CaCl 2 , or 5 mM EDTA. Then it was incubated with AP-conjugated CaM (3.2 g/ml) in 50 mM Tris-HCl, 150 mM NaCl, and 1 mM CaCl 2 or 5 mM EDTA containing 0.5% gelatin, 0.05% Tween 20, and 0.02% NaN 3 for 1 h and washed five times for 5 min each in the same buffer without CaM. Following three washes each for 5 min with 100 mM Tris-HCl (pH 9.5), 100 mM NaCl, and 5 mM MgCl 2 , CaMBPs were visualized with 5-bromo-4-chloro-3-indolyl phosphate and nitro blue tetrazolium (Kirkegaard & Perry Laboratories).
Screening of CaMBP Clones-Complementary DNA libraries prepared from TMV-infected leaves at 12 h after the temperature shift and from injured leaves 30 min after wounding (21) were subjected to E. coli expression screening. Approximately 4 ϫ 10 5 unamplified recombinant phages from each library were screened using a mixture containing equal amounts of AP-conjugated NtCaM1, NtCaM3, and NtCaM13. The CaM-binding assay was conducted as mentioned above. Individual positive plaques were purified by several rounds of plating and CaMbinding assay, and the cDNAs were excised with helper phage and recircularized to generate subclones in the plasmid pBluescript SK according to the manufacturer's instructions (Stratagene).
Rapid Amplification of cDNA Ends-Poly(A) ϩ RNA was prepared from healthy tobacco leaves by guanidine thiocyanate/cesium chloride ultracentrifugation (29) and subsequent purification with OligotexdT30, Super (Roche Applied Science). Complementary DNA for PCR was synthesized with a cDNA amplification kit (Clontech) following the manufacturer's instructions. The full-length cDNA for NtMKP1 was obtained by both 3Ј and 5Ј rapid amplification of cDNA ends and subsequent end-to-end PCR using the same cDNA. The full-length sequence was verified by sequencing individual subclones generated by three independent PCRs.
Sequencing and Sequence Analyses-The NtMKP1 cDNA subcloned into the pBluescript SK or pCR 2.1 (Invitrogen) vector was sequenced on both strands by the dideoxy chain termination method using DNAsequencing kits and a model 310 DNA sequencer (Applied Biosystems) or a model CEQ-2000 DNA sequencer (Beckman). Nucleotide and deduced amino acid sequences were analyzed with the Genetyx software system (Software Development Co.). Amino acid sequences of MAPK phosphatases from various organisms were obtained by GenBank TM searches.
DNA and RNA Gel Blot Analyses-Ten micrograms each of genomic DNA isolated from N. tabacum cv. Samsun NN, N. tabacum cv. Samsun, Nicotiana sylvestris, and Nicotiana tomentosiformis was digested with EcoRI, HindIII, or XbaI, separated on a 1.0% agarose gel, and then transferred to a Hybond-Nϩ nylon membrane filter (Amersham Biosciences). For RNA gel blot analysis, 2 g of poly(A)
ϩ RNA was fractionated by formaldehyde-denaturing agarose gel electrophoresis and blotted onto a Hybond-N membrane (Amersham Biosciences). Blots were subjected to hybridization with the 32 P-labeled probes as described previously (21) and routinely washed twice for 15 min each in 2ϫ SSC (1ϫ SSC: 0.15 M NaCl and 0.015 M sodium citrate) and 0.1% SDS at 25°C and three times for 20 min each in 0.5ϫ SSC and 0.1% SDS at 55°C and imaged with a PhosphorImager SI (Amersham Biosciences). The coding region or the NcoI/SpeI fragment (corresponding to nucleotides ϩ1077 to ϩ2104 bp from the translational start position) of the NtMKP1 gene was used as a probe. The cDNA probes for detecting WIPK, PR-1a, PI-II, and NtCaM transcripts were used as described previously (21) .
Production of Recombinant NtMKP1 Proteins in E. coli-To construct plasmids for recombinant NtMKP1 proteins, the coding region was amplified by PCR with XhoI and BamHI sites attached at the 5Ј-and 3Ј-ends, respectively, and verified by DNA sequencing. The fragment was subcloned into the vector pET15b (Novagen), which had been digested with the corresponding restriction enzymes, allowing the production of NtMKP1 protein with a His 6 tag at the N-terminal. For production of the glutathione S-transferase (GST) fusion protein, the same fragment was subcloned between XhoI and NotI sites of the pGEX4T-1 vector (Amersham Biosciences) by blunting BamHI and NotI sites. The resulting constructs, pET-NtMKP1 and pGEX-NtMKP1, the integrity of which was verified by nucleotide sequencing, were expressed in E. coli Rosetta(DE3) (Novagen) by incubation in 0.1 mM isopropyl ␤-D-thiogalactopyranoside for 20 h at 20°C. To purify Histagged protein, the bacterial cells were collected and resuspended in a buffer containing 50 mM Tris-HCl (pH 7.5), 100 mM NaCl, and 10 mM imidazole. Following lysis by sonication, the protein was separated by centrifugation into soluble and insoluble fractions. The His-tagged protein was purified by nickel column chromatography (HisTrap; Amersham Biosciences) according to the manufacturer's instructions except that 25 mM Tris-HCl (pH 7.5), and 100 mM NaCl was used instead of phosphate buffer. For purification of GST fusion protein, the bacterial cells were pelleted and resuspended in 50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1% Triton X-100, and one tablet of protease inhibitor mixture (Complete; Roche Applied Science) per 50 ml. Cells were lysed by sonication followed by centrifugation to produce soluble and insoluble fractions. The GST fusion protein in the supernatant was subjected to chromatography on a glutathione-Sepharose 4B (Amersham Biosciences) column, washed with the same buffer without any detergent, and then eluted with 50 mM Tris-HCl (pH 8.0) containing 5 mM reduced glutathione.
In order to determine the domain that CaM binds, several deletion constructs were prepared. The pGEX-NtMKP1 was digested by NdeI or NcoI and blunted. The fragments were then cut with BamHI, and the resulting fragments were subcloned into a pGEX4T-1 vector digested with BamHI and SmaI, generating the GST fusion constructs designated GST-NtMKP1-(1-276) and GST-NtMKP1-(1-361). The cDNA fragment corresponding to the residues 362-467 residues of NtMKP1 was amplified by PCR with BamHI and SmaI sites attached to the 5Ј and 3Ј ends, respectively, and subcloned into the corresponding sites of a pGEX4T-1 vector, resulting in the GST-NtMKP1-(362-467) construct. The GST-NtMKP1-(468 -862) construct was produced by subcloning the MscI/NotI-digested fragment of pGEX-NtMKP1 between the SmaI and NotI sites of a pGEX4T-1 vector.
Introduction of site-directed mutagenesis into the CaMBD of the GST-NtMKP1-(362-467) construct was performed using a Mutan-Super Express Km kit (Takara) according to the manufacturer's recommendations. The sequences of the primers used are as follows (the sites of mutation are underlined): for L433R, 5Ј-AGATGCGTCGTCCTG-CAAGA-3Ј; for W440R, 5Ј-AGAATGGAAGGAGTAGATTG-3Ј; for L443R, 5Ј-GGAGTAGAAGGAGGCGAAAG-3Ј. The production and purification of the truncated or mutated GST-NtMKP1 proteins were conducted as described above.
CaM-Peptide Mobility Shift Assay-The stoichiometry of binding of CaMs and CaMBD was assessed by the electrophoretic mobility shift assay (EMSA) as described by Erickson-Viitanen and DeGrado (30) . A peptide containing the putative CaMBD of NtMKP1 (amino acid residues 396 -447) was synthesized. Two micrograms of respective CaM and increasing amounts of the peptide were incubated in 100 mM Tris-HCl (pH 7.2) and either 1 mM CaCl 2 or 2 mM EGTA at room temperature for 1 h in a volume of 20 l. A one-fourth volume of 50% glycerol and tracer bromphenol blue was added, and the mixture was applied to a 15% nondenaturing polyacrylamide gel containing 1 mM CaCl 2 or 2 mM EGTA. The gel was run at a constant current of 25 mA in an electrode buffer consisting of 25 mM Tris-HCl, 192 mM glycine (pH 8.3), and 0.1 mM CaCl 2 or 2 mM EGTA, stained with Coomassie Blue R250.
Construction of NtMKP1 Transgene Vector and Tobacco Transformation-For preparation of the plasmid to generate the NtMKP1-overexpressing transgenic plants, the coding region was amplified by PCR with XhoI and BamHI sites attached at the 5Ј and 3Ј ends, respectively, and verified by DNA sequencing. The fragment was subcloned between XhoI and EcoRI sites of the pEl2⍀-MCS vector (31) in the sense orientation by blunting BamHI and EcoRI sites. The NtMKP1 expression construct was introduced into Agrobacterium tumefaciens LBA4404 by electroporation (32) . The pEl2⍀-MCS vector, which has only a marker gene, NPT-II, expressed, was used to produce the control transgenic plants. Transformation of Samsun NN tobacco was performed with the leaf disc cocultivation method (33) . Plantlets were transplanted to pots containing vermiculite and grown in an isolated greenhouse maintained at 25°C under sunlight.
Phosphatase Assay-To study the generic phosphatase activity of recombinant NtMKP1 proteins, pyronitrophenyl phosphate or 4-methylumbelliferyl phosphate was used as substrate. The assay was conducted as described previously (8) . Aliquots of purified fractions (containing 14.6 and 11.3 g of protein for His tag and GST fusion, respectively) were added to the reaction buffer (50 mM Tris-HCl, pH 7.0, and 2 mM dithiothreitol) containing 2 mM pyronitrophenyl phosphate or 200 M 4-methylumbelliferyl phosphate. The reaction was run at 30°C for various time periods. The resulting product, p-nitrophenol or 4-methyl umbelliferone, was quantified by monitoring A 405 using a Beckman spectrophotometer (model DU-7400) or fluorescence using a microtiter plate reader (Spectra Max Gemini EM; Molecular Devices) with an excitation wavelength of 365 nm and an emission wavelength of 446 nm.
MAPK Activity Assay and Protein Gel Blot Analysis-The activity of defense-related MAPKs, SIPK and WIPK, was analyzed with the myelin basic protein (MBP) kinase assay as described previously (2, 3) . Protein gel blot analysis was conducted as described previously (3) using anti-SIPK and anti-WIPK antibodies.
RESULTS
Cloning of CaM-binding Proteins-Previously, we isolated three types of plant-specific CaMs (NtCaM1, NtCaM3, and NtCaM13), which respond differently to pathogen invasion and wounding (21) . In order to identify the target molecules of the divergent CaMs, soluble protein extracted from tobacco leaf was fractionated on a SDS-polyacrylamide gel and subjected to a ligand-binding assay with AP-conjugated CaMs (AP-CaM1, AP-CaM3, and AP-CaM13) to survey tobacco endogenous CaMBPs. A number of proteins were detected in the presence of Ca 2ϩ but not in the absence of Ca 2ϩ (data not shown), indicating the presence of CaMBPs in the tobacco extract. Protein extract from leaves 6 h after wounding or 36 h after the induction of TMV-dependent HR showed substantially similar CaMBP profiles (data not shown).
To isolate the genes encoding CaMBPs, we screened phage expression libraries with AP-labeled CaMs. From 4 ϫ 10 5 plaque-forming units each of cDNA libraries prepared from wounded leaves and HR-induced leaves, 39 independent clones were isolated. Nucleotide sequencing resulted in 14 distinct genes obtained. A BLASTX search revealed that most are homologous to known CaMBP genes. However, one clone showed significant similarity to a plant-specific MAPK phosphatase that was recently reported to be involved in a genotoxic stress response (11) . The full-length cDNA obtained by rapid amplification of cDNA ends encodes a protein of 862 amino acid residues with 50.2% identity to the Arabidopsis MAPK phosphatase, MKP1, and was designated NtMKP1.
Structure of the NtMKP1 Gene-The predicted amino acid sequence of NtMKP1 was compared with sequences of MAPK phosphatases from various organisms. A BLASTX search revealed that NtMKP1 has no significant overall homology to mammalian or Drosophila MAPK phosphatase. The comparison allowed us to identify four domains conserved among plant MAPK phosphatases as shown in Fig. 1 . As reported previously (34), a dual specificity phosphatase catalytic domain and gelsolin homology domain, corresponding to residues 168 -252 and 290 -357 of NtMKP1, respectively, were highly conserved, including Asp 170 , Cys 201 , and Ser 208 , which are essential for catalytic activity. Additionally, the domain from amino acid 396 to 447 of NtMKP1 is also conserved among plant MAPK phosphatases, with basic and hydrophobic residues frequently appearing. Moreover, the domain is followed by a Ser-rich region corresponding to residues 448 -607 in the case of Nt-MKP1. The partial cDNA fragment originally isolated by interaction with CaM contains the stretch downstream of Asp 128 , and most CaM-binding sequences are known to have a basic hydrophobic nature, leading us to predict that the domain from residue 396 to 447 is the region to which CaMs bind.
DNA gel blot analysis with a low stringency wash that allows a 30% mismatch in the nucleotide sequence was performed. Taking account of one and two internal restriction sites for EcoRI and HindIII, respectively, the tobacco genome was found to have two copies of similar genes (Fig. 2) . Since tobacco has an amphidiploid genotype originating from N. tomentosiformis and N. sylvestris, we concluded that NtMKP1 is the gene orthologous to Arabidopsis MKP1.
Binding Assay of NtMKP1 to CaM Isoforms-To confirm the binding of CaMs to NtMKP1, NtMKP1 was bacterially expressed with a His tag ( Fig. 3A; pET-NtMKP1) or in a GSTfused form ( Fig. 3B ; pGEX-NtMKP1) and subjected to a ligandbinding assay with the labeled CaMs. In both cases, generic Coomassie staining showed that an undetectable or slight quantity of NtMKP1 of predicted molecular size (approximately 97.8 and 122 kDa for His-NtMKP1 and GST-NtMKP1, respectively; indicated with arrowheads) was produced. By the ligand-binding assay, several smaller proteins as well as those of the predicted size were detected in extracts from NtMKP1-expressing bacteria (Fig. 3, A (pET-NtMKP1) and B (pGEXNtMKP1)), whereas only very weak, nonspecific signals for GST protein were detected in the control extract (Fig. 3, A  (pET15b) and B (pGEX4T-1) ). In both fusion proteins, the CaMbinding signal was detected at a higher level in the insoluble fraction (lane P) than in the soluble fraction (lane S), and affinity purification successfully concentrated the CaM-bound molecules, although the GST fusion system worked better than the His tag system. A comparison of signal intensity among AP-conjugated CaM probes clearly suggested that NtCaM1 and NtCaM3 have higher affinity to NtMKP1 than NtCaM13. The binding could be detected only in the presence of Ca 2ϩ , and no signal was detected in the absence of Ca 2ϩ (data not shown) or when unconjugated intact AP was used as a probe.
Mapping of the CaM-binding Domain of NtMKP1-
To map the CaMBD, we prepared a series of deletion constructs of GST-NtMKP1 (Fig. 4A) . The fusion proteins with the catalytic domain and gelsolin-homologous domain, GST-NtMKP1-(1-276) and GST-NtMKP1-(1-361), which were efficiently expressed in a GST fusion form (Fig. 4B , Coomassie Brilliant Blue staining), showed no interaction with AP-labeled NtCaM1. However, the fusion protein of putative CaMBD, GSTNtMKP1-(362-467), which was expressed at a lower level (indicated with an asterisk), exhibited strong interaction in the presence of Ca 2ϩ but not in its absence (Fig. 4C) . Neither the Ser-rich C-terminal region in the downstream of CaMBD, GSTNtMKP1-(468 -862), nor GST protein showed any interaction, suggesting that NtMKP1 binds CaM within a region from amino acid 362 to 467.
To assess the mode of interaction of CaM and CaMBPs, we performed a peptide EMSA. The domain residing at residues 396 -447 of NtMKP1 is highly conserved among various plant MAPK phosphatases and rich in hydrophobic and basic amino acid residues (Fig. 1B) , which is a common feature of CaMBD. When the peptide containing the corresponding 52 amino acids was subjected to EMSA, it effectively bound to NtCaM1 and NtCaM3 in the presence of Ca 2ϩ , resulting in a shift of the CaM band to a lower mobility, whereas less of NtCaM13 was shifted by an increasing amount of the peptide ( Fig. 5; Ca  2ϩ ). Although another shifting band was observed above the main band under our experimental conditions, no mobility shift was detected in the absence of Ca 2ϩ ( Fig. 5; EGTA) , indicating Ca 2ϩ -dependent interaction. These results confirmed that the domain from residue 396 to 447 physically interacts with relatively higher affinity with NtCaM1 and NtCaM3 than with NtCaM13.
When the helical wheel model was constructed, CaMBDs from many CaMBPs were found to have basic and hydrophobic amino acids segregated into the opposite side of the helix, which has been named the basic amphiphilic ␣-helix (Baa) motif (35) . Furthermore, a Trp residue in the helices is well conserved and known to have a critical role in CaM binding in many CaMBPs (36, 37) . The putative CaMBD (amino acids 396 -447) of NtMKP1 has one Trp residue at position 440, which is surrounded by basic and hydrophobic amino acids (Fig. 6A) , and the structure of the overlapping region from Arg 436 to Lys 453 fits well the model of the Baa motif (Fig. 6B) . A comparison of ESTs homologous to plant MAPK phosphatases revealed several residues invariable among species (Fig.  6A) . We prepared mutated GST-CaMBD chimeric proteins, in which Leu 433 , Trp 440 , Leu 443 , or Gly 450 were converted to Arg (Fig. 6C) to reveal which residues are critical for binding CaM. As shown in Fig. 6D , the substitution of Trp 440 or Leu 443 with Arg completely abolished the binding by NtCaM1, indicating that these conserved residues are indispensable for the Ca 2ϩ -dependent interaction with CaM.
Induced Expression of the NtMKP1 Gene-Induced expression of NtMKP1 was analyzed by RNA gel blot analysis with the same specific probes used for the DNA gel blot analysis. As shown in Fig. 7 , the induction of a TMV-dependent HR stimulated transcription of NtMKP1 severalfold, although a constitutive, comparable level of expression of the gene was observed for the mock-treated plant. At present, we do not know the reason why the zero time expression level in the TMV-infected plant was relatively low. However, it is clear that TMV-induced HR additively enhanced NtMKP1 expression. The WIPK transcript accumulated within 3 h after induction of the synchronous HR, peaked at 6 -9 h, and then returned to the basal level at 12 h. NtMKP1, NtCaM1, and NtCaM13 were transcriptionally activated with similar kinetics, but their levels remained at a plateau for at least 36 h, preceding the expression of PR genes such as PR-1a whose transcription was activated after more than 12 h. None of the genes examined were induced by the mock inoculation. Wounding also induced the expression not only of WIPK and basic type PR genes but also of NtMKP1 (Fig. 8B, the control plant) .
Inhibition of Wound-induced Activation of SIPK and WIPK in NtMKP1-overexpressing Transgenic Plants-Our preliminary experiments failed to detect phosphatase activity of NtMKP1 (see "Experimental Procedures"). To elucidate whether the NtMKP1 product acts as a MAPK phosphatase, we analyzed the effect of ectopic expression of NtMKP1 on wound-induced activation of defense-related MAPKs, SIPK and WIPK. A full-size NtMKP1 cDNA was overexpressed in tobacco plant under the control of the enhanced CaMV 35S promoter. Fully developed upper leaves of eight independent transgenic lines grown to 17 cm in height were wounded, and the activity of SIPK and WIPK in the leaf extract was determined at 10 and 30 min after wounding. In two of the lines (S8 and S13), wound-induced activation of SIPK was significantly attenuated in comparison with the control line and S10, a representative of the six remaining lines (Fig. 8A) . In S8, the activation of WIPK was also inhibited, but this was not the case in S13, indicating that wound-induced activation of WIPK was less sensitively affected by the overexpression of NtMKP1. In lines S8 and S13 impaired in the wound-induced activation of SIPK, high levels of transcript of NtMKP1 were found, whereas only a low level of the transcript was found in S10, which did not differ significantly in the extent of wound-induced activation of SIPK or WIPK (Fig. 8B) . Protein gel blot analysis showed that these NtMKP1 transgenic lines accumulated similar amounts of SIPK and WIPK proteins to the control line ( Fig. 8C; shown for the control line and the representative line, S8), confirming that expression of these MAPKs was not perturbed by the ectopic expression of NtMKP1. The reduced phosphorylation of MBP would be attributed to the reduced activity of these MAPKs but not to the reduced protein level. Thus, accumulation of the Nt-MKP1 transcript to a high level may result in enough NtMKP1 activity to inactivate these wound-activated MAPKs.
Enhanced Expression of a Defense-related Gene in NtMKP1-overexpressing Transgenic Plants-Since NtMKP1 was suggested to be involved in regulation of defense-related MAPK activity, wound-induced expression of PI-II in the transgenic lines was analyzed as a marker of defense response. Interestingly, all NtMKP1-expressing lines examined, S8, S10, and S13, showed enhanced expression of the gene compared with the control line (Fig. 8B) . The dose of enhancement does not appear to correlate with the expression level of NtMKP1 transgene. DISCUSSION We identified a putative MAPK phosphatase as a novel plant-specific CaMBP. An Arabidopsis MAPK phosphatase, MKP1, reportedly binds to defense-related MAPKs (MPK3, MPK4, and MPK6), and MPK6 was shown to be effectively dephosphorylated and inactivated by MKP1 in the plant (11) . The tobacco MAPK phosphatase, NtMKP1, described in this report has significant similarity to Arabidopsis MKP1 in amino acid sequence (50.2%) with four conserved domains; a dual specificity phosphatase catalytic domain, gelsolin-homologous domain, putative CaMBD domain, and Ser-rich domain (Fig.  1) . Overexpression of NtMKP1 in transgenic plants resulted in a reduction in the wound-induced activity of a defense-related MAPK, SIPK, and occasionally WIPK (Fig. 8) , suggesting that an elevated NtMKP1 transcript level rendered a high level of MAPK phosphatase activity in vivo. DNA gel blot analysis indicated that NtMKP1 is a unique gene in the tobacco genome, and extensive similarity of amino acid sequence suggested that NtMKP1 is the ortholog of Arabidopsis MKP1.
We showed here that NtMKP1 binds three types of plantspecific CaMs (NtCaM1, NtCaM3, and NtCaM13) in a different stoichiometry (Figs. 3 and 5) . Lee et al. (20) reported that divergent soybean CaM isoforms activate different groups of CaM-dependent enzymes in vitro. We also found that tobacco isoforms exhibit clear differences in the activation of several enzymes (e.g. NAD kinase from pea seedlings was efficiently activated by NtCaM1 and NtCaM3 but not by NtCaM13 (see "CaM-dependent Enzyme Assays")), indicating that each CaM possesses specific roles. To activate target enzymes, CaMs have to first bind the target region of these proteins and then convert their molecular conformation. One possible explanation for the different activation profiles observed is that the respective CaM has different affinity for a given target enzyme. The findings shown in Figs. 3 and 5 that NtCaM1 and NtCaM3 have higher affinity than NtCaM13 for NtMKP1 suggest that the efficiency of each CaM differs at least in terms of the binding activity for NtMKP1 and probably the activation of NtMKP1.
We are interested in how CaMs regulate NtMKP1 activity in defense signaling after pathogen attacks and wounding. We have showed that TMV-induced hypersensitive cell death and physical wounding alter the relative ratio of three types of CaM isoforms (21) . The transcript of NtMKP1 as well as CaM genes accumulates in response to the cell death induced by pathogen infection (Fig. 7) and wounding (Fig. 8B) . The accumulation occurs later than the transcriptional activation of WIPK, a defense-related MAPK, and earlier than that of PR genes, PR1a and PI-II. In Arabidopsis, the orthologous phosphatase MKP1 has been reported to interact specifically with MPK6 (a SIPK homolog) and weakly but significantly with MPK3 (a WIPK homolog), dephosphorylating MPK6 (11) . The result shown in Fig. 8 coincided well with this report; wound-induced SIPK activation was significantly compromised in NtMKP1-overexpressing tobacco, whereas inhibition of WIPK activation occurred occasionally. In Arabidopsis, these MAPKs have been reported as defense-related kinases and shown to be critical for mediating a bacterium-derived elicitor signal to induce disease resistance (38) . An Arabidopsis mutant lacking a functional MKP1 showed the constitutive expression of defense-related PR genes (11) . Taken together, NtMKP1 is suggested to serve as a negative regulator of these defense-related MAPKs (SIPK and/or WIPK), and tobacco divergent CaM isoforms would modulate the activity. However, in NtMKP1-expressing plants, wound responses such as expression of PI-II, a defense-related gene, were enhanced (Fig. 8B) . Consistent with our data, wound-inducible genes such as for a thaumatin-like protein, peroxidases, and a putative endochitinase exhibited enhanced expression after UV-C treatment in an overexpressor of At-MKP1 (11). The underlying mechanism by which inactivation of defense-related MAPKs, SIPK and WIPK, by ectopic Nt-MKP1 expression resulted in enhancement of the wound defense response remains to be determined.
Amino acid sequences of NtMKP1 and other MAPK phosphatases from several plant species allowed us to speculate on the roles of several conserved domains. As well as a dual specificity protein phosphatase catalytic domain and a gelsolinlike domain, which were proposed previously (34) , two additional domains were identified here. Putative CaMBD could bind all three types of CaMs, although the stoichiometry of the interaction varied. Some CaM target proteins have been shown to have a feature in common regarding the structure of CaMBD, which has been termed the Baa motif; hydrophobic FIG. 7 . Gene expression of NtMKP1 in response to TMV-induced cell death. A, at the time indicated after the temperature shift, poly(A) ϩ RNA was extracted and subjected to RNA gel blot analysis. The blot was probed with specific probes for NtMKP1 (encoding a MAPK phosphatase), WIPK (a MAPK), NtCaM1, NtCaM3, and NtCaM13 (representative CaMs), PR-1a (an acidic type PR protein), and PI-II (a basic type PR protein). B, the signals of NtMKP1 transcript in A were quantified densitometrically, and the relative signal intensities are shown.
FIG. 8. Attenuated activation of defense-related MAPKs in
NtMKP1-expressing tobacco plants. A, activation of stressactivated MAPKs, SIPK and WIPK, was investigated by the MBP kinase assay at the time indicated after wounding for different lines of NtMKP1-expressing plants. The arrowheads indicate phosphorylated MBP. B, in the same plant, the transcript level of NtMKP1 and PI-II was analyzed by RNA gel blot analysis at the time indicated after wounding. As a loading control, the blot was reprobed by an actin probe. C, protein levels of SIPK and WIPK were determined by protein gel blot analysis.
amino acid residues and basic residues occupy the opposite side of the ␣-helix (35) . Considering the helical wheel model for the CaMBD residing in NtMKP1, the stretch of amino acids 436 -453 significantly fits this motif with the critical residues Trp 443 and Leu 440 , which are conserved among all plant MAPK phosphatases identified so far (Fig. 6) , confirming that NtMKP1 is a new member of the CaMBPs.
The Ser-rich domain is another conserved feature of plant MAPK phosphatases. In tobacco, Arabidopsis, and maize MAPK phosphatases, many Ser repeats can be recognized downstream of the putative CaMBD, although the number of other intervening residues is not conserved. Modifications such as phosphorylation or glycosylation are frequently targeted at Ser residues, and NetPhos 2.0 and NetOGlyc 2.0 predictions (available on the World Wide Web at www.cbs.dtu.dk) showed a high possibility of phosphorylation and glycosylation at Ser/ Tyr and Ser/Thr residues in the repeat, respectively, causing us to speculate that such modifications regulate the phosphatase activity.
We do not know the direct effect of each CaM on the MAPK phosphatase activity at present. Experiments to study the effect of CaMs on the phosphatase activity are in progress. To our knowledge, this is the first report providing direct evidence of molecular interaction between Ca 2ϩ /CaM and a regulating component of the MAPK signaling cascades in plants.
